Abstract: Pulmonary hypertension (PH) is a rare disease, which still carries a poor prognosis. PH is characterized by a pressure overload on the right ventricle (RV), which develops hypertrophy, followed by a progressive failure. Accordingly, recent evidence showed that RV function has an important prognostic role in patients with PH. Echocardiography, cardiac magnetic resonance (CMR), computed tomography, and nuclear imaging allow a non-invasive evaluation of the RV size and function, but only the first two are routinely used in the clinical arena. Some conventional echocardiographic parameters, such as TAPSE (tricuspid anular plane systolic excursion), have demonstrated prognostic value in patients with PH. Moreover, there are some new advanced echo techniques, which can provide a more detailed assessment of RV function. Three-dimensional (3D) echocardiography allows measurement of RV volumes and ejection fraction, and two-dimensional (2D) speckle tracking (STE), allows assessment of RV myocardial mechanics. CMR provides accurate measurement of RV volumes, ejection fraction, and mass and allows the characterization of the RV wall composition by identifying the presence of fibrosis by late gadolinium enhancement. Although CMR seems to hold promise for both initial assessment and follow-up of patients with PH, its main role has been restricted to diagnostic work-up only.
Right Ventricular Myocardial Deformation by Speckle Tracking Echocardiography
Deformation imaging by STE is a new echo technique that has been developed to assess left ventricular myocardial deformation. Nevertheless, recent studies have demonstrated its feasibility in measuring RV strain (Figure 1 ) to detect RV myocardial function changes in several pathological conditions [30] [31] [32] [33] [34] [35] [36] [37] [38] . Compared to Tissue Doppler Imaging, STE is an angle-indipendent technique based on internal reference, thus, avoiding limitations related to translational cardiac motion. Preliminary researches showed good correlations with the other standard echo parameters of RV function, in particular with TAPSE [39] . Among non-volumetric echo parameters, RV free-wall strain by STE demonstrated the closest correlation with RV ejection fraction measured by CMR [40] . RV longitudinal strain assessed by STE strain imaging is significantly impaired in patients with PH ( Figure 2 ) and it is inversely correlated with systolic pulmonary artery pressure and RV dimensions [29, 34, 39, 41, 42] . RV longitudinal strain values demonstrated a significant prognostic role in PH which was incremental to clinical status, overcoming the other echocardiographic parameters [38, 43, 44] . RV longitudinal strain has been reported to be a predictor of cardiovascular events [43] , all-cause mortality and complications [44] . Moreover, Fine et al. [44] demonstrated that abnormal RV strain is predictive of reduced survival, stratifying patients prognosis.
However, it is important to underline that the prognostic power of RV longitudinal strain has been demonstrated in patients with pre-capillary PH, but not in patients with post-capillary PH (group 2 according to Dana Point classification) [45] . The exclusion of group 2 from these studies is justified by the different hemodynamic pattern that characterize this pathological condition [44] . Highlighted in a recent study [46] , pulmonary vascular resistance and compliance demonstrated a highly predictable inverse relationship with RV loading, which is similar across different forms of pre-capillary PH. In presence of post-capillary PH, as occurs in group 2, this relationship is altered and elevated capillary wedge pressure lowers pulmonary vascular compliance for any given resistance, augmenting RV pulsatile afterload. Accordingly, Haeck et al. [38] demonstrated, in a little cohort of group 2 PH patients, that in these patients RV longitudinal strain doesn't confirm its prognostic value.
RV function is heavily load dependent and myocardial deformation is influenced by loading conditions, too. Accordingly, it has been demonstrated that in patients with RV pressure overload, both with and without loss of myocardial contractility, RV strain was significantly lower than in normal subjects [47] . These data show that RV strain can be decreased in presence of both increased afterload and normal contractility, and in presence of increased afterload and myocardial damage with decreased contractility [47] , underlying the fact that the diagnostic significance of RV strain values must always be related to RV loading conditions [48, 49] . However, the main determinant of RV strain impairment seems to be myocardial contractility. Indeed PH patients with RV dysfunction showed lower RV strain values in comparison to PH patients with preserved RV function [47] . Further evidences are needed to support the hypothesis that, considering its load-dependency, a mild reduction of RV strain alone should not be considered a marker of RV myocardial dysfunction in the PH setting, but a marked reduction of RV strain could be, underlying the need of cut-off values identification.
Not only the absolute value of RV strain is predictive of prognosis in PH patients, but also its variation during follow-up demonstrated a prognostic role. Patients with an improvement >5% of RV strain during follow-up demonstrated better survival respect to patients without [50] .
Recently, Atsumi et al. [51] studied, for the first time, the application of 3D-STE to assess RV myocardial deformation. They have been able to demonstrate a good feasibility (around 80%) of the technique (feasibility close to that of 2D-STE). In comparison to 2D-STE, 3D-STE allowed to assess not only the limited part of the RV free-wall encompassed in the 2DE four-chamber view but the whole RV free wall, and to confirm the significant heterogeneity of RV contraction. Moreover, 3D-STE explores simultaneously the longitudinal and circumferential deformation of the myocardium, that are expression of the function of myocardial fibers positioned in different layers of the RV wall. The Authors found that, in presence of conditions affecting the RV, such as arrrhytmogenic RV cardiomyopathy and PH, longitudinal function was significantly reduced, whereas circumferential function was relatively preserved [51] . These findings confirm previous data showing that the motion of the base towards the apex is the first function to be impaired [28] . The importance of assessing RV radial function has been demonstrated by Di Salvo et al. [52] , who found a strong correlation between the extent of radial function and exercise tolerance in RV pressure overload condition, such as in patients with transposition of great arteries who underwent atrial-switch repair.
Despite all these data, the use of STE to assess RV myocardial function is not widespread because the feasibility of STE is suboptimal in the thin RV wall (better in hypertrophied RV as seen in patients with PH). Reference values for different age groups, body size, and gender have not been established yet, and standardization among the different software packages available on the market is still a pending issue [17] .
Three-Dimensional Echocardiography
Three-dimensional echocardiography (Figure 3 ; Videos 1-2) has been demonstrated to be feasible, accurate and reproducible in measuring RV volumes and ejection fraction in adults [53] [54] [55] [56] [57] [58] [59] [60] [61] , as well as in children [62, 63] . Recent studies demonstrated a close correlation between 3D-echocardiography and CMR in measuring RV volumes and ejection fraction [61, 64, 65] (Table 1) . However, 3D echocardiography appeared to underestimate RV volumes in comparison to CMR [65] . Anyway this underestimation is systematic [58] , confirming the good agreement between the two techniques and the accuracy of 3D echo. 3D echocardiography confirmed the correlation between RV volumes and gender, age, and body size, previously demonstrated by CMR [58] (Figure 4 ). Accordingly, Morikawa et al. [68] proved a strong correlation between ≥3D echocardiography and CMR measurements of the RV volumes and ejection fraction in patients with PH. Similar results were reported in a population of patients with congenital heart disease [69] .
The presence of synus rhytm and the patient's compliance for breath-holding are necessary requirements for obtaining a good quality 3D echo assessment with the multi-beat technique. However, recently Zhang et al. [70] demonstrated that the 3D-echocardiography assessment of RV geometry by a single-beat acquisition is as accurate as with multi-beat acquisition when compared with CMR. Nevertheless, the feasibility of obtaining a good quality full volume 3D data set acquisition which includes the RV anterior and apical lateral segments as well as the RV outflow tract, in patients with poor imaging windows and/or dilated RV, remains the main limitation of the technique. Accuracy tends to decrease with increasing RV size, limiting its application in patients with more dilated RV [69] . Using 3D echocardiography, it has been confirmed that in normal people the three compartments of the right ventricle provides a different contribution in RV systolic contraction, both in timing as in strength [71, 72] . Inflow and outflow tracts are the most active RV compartments contributing to its pump function, whereas the apex contributes less, following a chronological order in contraction, that reflects the peristaltic pump function of the RV [71] . In pts with PH, the relative contribution of the three compartments to RV pump function seems to remain unchanged, with the loss of the timing differences. The three compartments contract simultaneously loosing the peristaltic function and making the RV behave as a single chamber. This change is coupled by changes of the RV shape, from a triangular to a cilindrical one [71] .
These findings underline once more the importance of a comprehensive assessment of RV function, that could not be adequately reflected by assessing a single parameter, such as TAPSE. Indeed, the latter is representative only of the inflow tract displacement, with the consequently risk to underestimate the whole RV pump function.
Three-dimensional echocardiography demonstrated to be superior in comparison to conventional echocardiography in identifying RV dysfunction in patients with PH [73] (Figure 5; video 3) . Recently, RV function assessed by 3D echocardiography has been reported to be prognostically important in patients with acute pulmonary embolism [74] . 
Cardiac Magnetic Resonance
CMR is used to define the anatomy, to assess biventricular function and haemodynamics, and to measure blood-flow by using phase contrast technique. Compared to echocardiography, CMR has higher spatial resolution, lower temporal resolution and does not suffer from the limitations about the acoustic window [75] , allowing calculation of RV volumes and ejection fraction using the Simpson's approach. CMR-derived RV volumes have shown good correlation with in vivo standards [76] . Moreover, this technique demonstrated good accuracy, when compared to the directly measured cardiac mass in calf hearts [77] , with excellent intra-and inter-observer variability [78] and good interstudy reproducibility [79] in RV volumes, mass, and function quantification. At this time, CMR is regarded as the reference standard for the assessment of RV volumes ( Figure 6 ) and ejection fraction [17, 80] . Recent data obtained by CMR have demonstrated that normal values of RV systolic and diastolic parameters vary significantly by gender, body size, and age [81, 82] . were associated with better survival in patients with idiopathic PH [3] . RV ejection fraction has also been assessed by CMR in PH patients and a value <35% predicts increased mortality [14] . Moreover, the RV mass demonstrated a diagnostic and prognostic role in PH patients, too [3, 83, 84 ]. An open issue about quantification of RV mass by CMR is whether or not the trabeculae and papillary muscles should be included in RV mass measurements. Previous studies have variably included and excluded them [79, [85] [86] [87] [88] [89] [90] . The reason why this issue is controversial is that RV is highly trabeculated in normal subjects and even more in PH patients, but we do not know if hypertrophy involves all the mass components in the same extent. Recently, van de Veerdonk et al. [91] demonstrated that in PH population trabeculae and papillary muscles give a large contribution (about 35%) to the RV mass. Moreover, the trabeculae and papillary muscle mass seem to be related to changes in pulmonary pressure, closer than the RV free wall mass. According to van de Veerdonk [91] , Driessen et al. [92] have recently showed that inclusion or exclusion of trabeculae has an important impact on the RV volumes and mass measurements, particularly in patients with overloaded RVs. Then, these findings highlights two main aspects: (i) in presence of RV pressure overload RV hypertrophy is more prominent in the trabeculae and papillary components, than in the compact free wall; consequently, (ii) exclusion or inclusion of trabeculae and papillary muscles measurements significantly affect RV volumes and mass measurements.
The presence of late gadoliniun enhancement (LGE) pattern in the RV myocardium of patients with PH has been first described by McCann and colleagues in 2005 [93] . LGE imaging shows a characteristic retention of gadolinium at the septal insertion (junctional pattern) [94] [95] [96] , without any retention in the free wall [94] (Figure 7) . Looking for LGE deposition in RV free wall of normal subjects or in pathologies like arrhytmogenic RV cardiomyopathy is difficult, because of partial volume effects due to the fact that the RV wall is particularly thin. Conversely, PH patients show thick RV walls, which does not pose any difficulty in nulling the RV myocardium. Further, LGE junctional pattern is not specific for PH, but it has been found in other pathologies like hypertrophic cardiomyopathy [97, 98] . The etiology of this gadolinium retention remains to be clarified. The first hypothesis was the presence of fibrosis. Bradlow et al. [99] examined the heart of a patient with idiopathic PH and LGE junctional pattern at autopsy. They found increased collagen and fat between fiber bundles (plexiform fibrosis) consistent with myocardial disarray, but no pathological fibrosis. Myocardial disarray is common in healthy people at the interventricular junction site, but it appears particularly exaggerated in PH patients. A recent prospective observational study [100] demonstrated a moderate correlation among the presence of LGE junctional pattern and paradoxical septal motion, assessed by echocardiography, associated to a weaker correlation with RV function parameters. This data suggest that the abnormal interventricular septal motion, rather than the elevated RV pressure and the consequent remodeling may be the mechanism underlying the appearance of LGE junctional pattern. The reported occurrence of LGE junctional pattern in PH is not univocal, it ranges from 69% [101] to 100% [94] . The amount of the LGE junctional pattern has been demonstrated to be moderately related to the amount of RV dysfunction measured as ejection fraction, stroke volume and end-systolic volume [94] and it appears to predict RV remodeling in response to increased afterload [102] . Moreover, patients with the junctional pattern of the LGE are significantly more likely to experience a worse clinical outcome than those without this marker.
LGE junctional pattern has been reported to be related to worse outcome in term of death, need of lung transplantation, initiation of prostacyclin therapy, and decompensated RV heart failure, stratifying prognosis [101] . Swift et al. [66] showed that changes in RV morphology assessed by CMR are able to identify PH patients quite accurately. Particularly, presence of LGE junctional pattern, RV mass index, retrograde flow and pulmonary artery relative area change predicted the presence of PH with a positive predictive value of 98%, 97%, 95%, and 94%, respectively [66] . More recently, the same research group demonstrated that CMR imaging, in addition to provide detailed functional and morphological information about the RV, can accurately estimate mean pulmonary artery pressure in patients with PH and calculate pulmonary vascular resistance by estimating all major pulmonary hemodynamic metrics measured at right heart catheterization (RHC) [67] . If these findings would be confirmed in future studies and CMR will prove to be also accurate in estimating the changes in PVR/PAP over time, the follow-up of PH patients could be managed with CMR, reducing the need of serial RHC studies.
Although CMR seems to hold promise for initial assessment and follow-up of patients with PH, data are currently limited. In addition, CMR is costly, is not widely available for serial follow-up of patients with PH and cannot be performed in patients with several conditions (severe renal disease, implanted methallic devices, claustrophobia, irregular heart rhythm). Therefore, at present, its main role currently consists in providing baseline assessment in patients in whom echo cannot be performed or it is not exhaustive [103] .
Multi Detector Cardiac Tomography
Several authors have validated the use of multi detector cardiac tomography (MDCT), in comparison with echocardiography, scintigraphic techniques, and CMR, for RV function assessment [104] [105] [106] . Although MDCT cannot be regarded as a first-line imaging technique because of the radiation dose and iodinated contrast agent injection involved, MDCT evaluation of RV function is accurate and provides information on the adjacent lung parenchyma [107] . Recent improvements in temporal and spatial resolution of the technique have allowed to obtain useful information about the heart [107] . However, the use of MDCT in the setting of PH has been mainly validated for the detection of acute pulmonary embolism and for the initial evaluation of the patient with PH in order to assess the presence of chronic pulmonary embolism or lung parenchima disease. Reference values for RV volumes and ejection fraction measured by MDCT have been recently published [108] . Compared with CMR, MDCT has lower temporal resolution and tends to overestimate end-systolic and end-diastolic volumes [109] .
Nuclear Imaging
Radionuclide techniques have historically been the first imaging modalities used for assessing RV size and function [110] , although they have widely been replaced by CMR and echocardiography. First pass planar equilibrium radionuclide angiocardiography (FPRNA) is currently the technique of choice because it allows temporal separation of structures that are spatially superimposed [110, 111] . However it has many limitations. Gated blood-pool single photon emission computed tomography (SPECT) offers adequate 3D resolution of the cardiac chambers, without the need for multiple acquisition views; then it is the currently recommended nuclear modality for quantifying RV function [110] [111] [112] . Unfortunately, the absence of completely automated and clinically validated processing software limits the utilization of this promising technique for RV evaluation. Recently, Anderson and colleagues [113] demonstrated significant correlations of RV volumes and function evaluated by gated blood-pool SPECT with CMR. Further studies for validation of automatic measurement algorithms are still pending. Radionuclide techniques are of additional particular interest for assessing myocardial metabolism and perfusion. Experimental studies using SPECT have shown that acute or chronic RV pressure overload leads to a myocardial metabolic shift from fatty acid to glucose [114] .
In the setting of RV evaluation in PH patients, nuclear imaging and MDCT do not have a major role. Their principal applications are in patients with controindications to CMR and/or inconclusive echocardiographic exams. Conversely, CMR and echocardiography, the latter with the new techniques STE and 3D echocardiography, are promising tools. They need to be tested in multicenter longitudinal studies to have their prognostic power recognized for clinical practice [103] . In Table 2 , advantages and disadvantages of the various imaging modalities are briefly summarized. 
Conclusions
Right ventricular function has been recognized as the main predictor of prognosis in patients with pulmonary hypertension. According to current guidelines, prognostic parameters are obtained from right heart catheterization, or from assessment of functional capacity either by WHO functional class or sixminute walking test. In this scenario, cardiac magnetic resonance and echocardiography have demonstrated to be able to assess right ventricular function in an accurate and reproducible manner, both using with conventional and new echocardiographic techniques. However, these new parameters still need further validation to be introduced in the clinical routine.
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